Selected strains of actinomycetes useful for practicing semicontinuous treatment of swine and poultry feces were identified as Streptomyces antibioticus S-4, S. puniceus N-50-2, S. nigrifaciens N-9-3, Thermoactinomyces vulgaris HIR-60, and Thermomonospora viridis HIR-50. These five obligately aerobic strains grew preferably on nonsterilized fresh swine feces in 24 h without any additives. They assimilated offensive volatile fatty acids in the swine and poultry feces. Cultures of these five strains were mixed and used as seed for the practical treatments of 1 ton of swine feces over the wide temperature range of 15 to 60°C. Strain HIR-50 grew most predominantly on both fresh swine and poultry feces at 50 to 55°C and decomposed uric acid. For the efficient penetration of mycelia into the feces, manures were mixed once a day so as not to break the solid mass, and the dehydration rate of feces had to be controlled in proportion to the mycelial growth rate. The actinomycete biofertilizer thus manufactured in 10 days was odorless and promotive of plant growth.
Animal wastes were traditionally treated by composting under anaerobic and thermophilic conditions for 2 to 6 months in Japan. The resulting manure created odor nuisance due to volatile fatty acids, amines, ammonia, and hydrogen sulfide. The increase in livestock industry caused a waste disposal problem. Recent interest in the use of organic matter for improvement of soil fertility urged the development of a proper treatment system for a large amount of feces before reuse as plant nutrients.
Previous studies (6, 14) reported that swine or poultry feces were deodorized in practical semicontinuous treatment by using a mixed culture of mesophilic and thermophilic actinomycetes. The semicontinuous treatment of swine feces was carried out in an open-top plastic structure (2 by 30 m) equipped with an automatic moving agitator and provided with air ventilation. One ton of freshly excreted swine feces was mixed with 10 kg of the seed culture, piled up to a depth of 20 to 30 cm on the concrete floor of the plastic house, and incubated. After 10 days of incubation, a matured biofertilizer was produced and the biochemical oxygen demand reached its minimal value. A dry product was obtained because of the increase in fermentation temperature up to 60°C and the action of sunlight and air. A portion (usually 10% and more than 30% in winter) of the finished product was used as seed for the next batch of feces to be treated. The amount of volatile fatty acids, a major source of malodor, was significantly reduced in 24 h.
The objectives of the present study were isolation and identification of coprophilous actinomycetes useful for the semicontinuous treatment of domestic animal feces and the optimization for composting on the basis of their cultural characteristics and physiological properties.
MATERIALS AND METHODS
Preparation of swine and poultry feces extract agar media. Swine feces (100 g) or poultry feces (400 g) were added to 400 ml of tap water. The mixture was left to stand at room temperature for 10 min and filtered through two layers of * Corresponding author.
gauze. After the addition of 1.5% agar, pH was adjusted to 8.3 with 2 N Na2CO3 and the mixture was sterilized at 121°C for 30 min.
Isolation and selection of actinomycetes for feces treatment. Approximately 1,000 strains of actinomycetes were isolated from the manures collected in the northern part of Kyushu, Japan, and in the suburbs of Bangkok, Thailand, by repeated plating on the swine and poultry feces extract agar media. The isolates were tested for growth on sliced fresh swine and poultry feces. The selected strains have been applied to the practical treatment of swine or poultry feces for 7 years. Finally, five strains (S-4, N-50-2, N-9-3, HIR-60, and HIR-50) of actinomycetes were reisolated from the treated feces as the predominant strains. These strains were maintained on slants of the swine feces extract agar medium.
Taxonomic studies of actinomycetes. Cultural characteristics and physiological properties of isolates were studied by using media described by Shirling and Gottlieb (13) and Waksman (15) . Isolates were grown at 30 or 50°C for 21 days, and results were recorded every 7 days. Utilization of carbon sources was investigated by the method of Pridham and Gottlieb (10) . Identification was performed according to the Bergey's Manual of Determinative Bacteriology (4) and Biseibutsu no Bunrui to Dotei (9) .
Uric acid-decomposing activity. Actinomycete strains were grown in uric acid medium (pH 7.0; glucose [ Tables 1 and 2 . Aerial mycelium was dark grayish green. Single spores and occasionally two spores were formed on aerial mycelium. The spore surface was smooth. Trunklike and branched mycelia were also found. Growth of this actinomycete occurred at 40 to 55°C and pH 6.0 to 10.0. The optimal temperature and pH for growth were 50°C and pH 7.5, respectively. Dark-green soluble pigment was produced on both nutrient agar and Waksman agar medium (15) . This strain hydrolyzed starch and coagulated milk. These results indicated that this thermophilic actinomycete was a strain of Thermomonospora viridis according to Kuster (8) .
Other physiological properties. All five strains were obligately aerobic, because they grew abundantly under aerobic conditions but did not grow under anaerobic conditions (BBL GasPak Anaerobic Systems). The thermophilic strains HIR-50 and HIR-60 hardly grew on the ordinary culture media but grew preferably on the feces extract media. Therefore, they belong to a group of coprophilous microorganisms. All five strains assimilated volatile fatty acids (Table 3 ). In particular, Ther-momonospora viridis HIR-50 assimilated n-valeric acid and Thermoactinormyces viIlgaris HIR-60 assimilated n-butyric acid. However, caprylic acid could not be assimilated as a sole carbon source by (ii) Optimal temperature was 30°C for three mesophiles and 50°C for two thermophiles. (iii) For maintaining an aerobic environment for growth of actinomycetes, the average moisture content of feces was initially adjusted to below 65%. Higher moisture content caused an anaerobic environment in the inner part of the feces. The mixture of cultures of these five strains used as seed enabled the practical treatment of feces over the wide temperature range of 15 to 60°C. Under these conditions, the cell number (per gram) of the mesophilic and thermophilic actinomycetes increased from 8 x 106 to 8 x 107 and from 4 x 106 to 3 x 109, respectively. No significant growth of putrid clostridial bacteria was observed. The temperature of the manure was controlled by the depth of the feces heaped up on the floor in the plastic house (usually 40 cm during the first 24 h and 30 cm later on). In a ventilated plastic house, swine feces were heaped up to a layer about 30 cm deep. The temperature increased from 25 to 50°C in 24 h and remained almost constant (50 to 60°C) for the next 3 days (Fig. 1) fatty acids in the feces were completely assimilated by actinomycetes in 24 h (Fig. 2) . The white mycelia of actinomycetes penetrated vigorously into feces and matured spores were fully developed in the inner part of the feces after 3 days of incubation in the controlled plastic house. In laboratory experiments, however, mycelia grew only on the surface and were not able to penetrate into feces in an incubator because of high humidity.
Treatment of poultry feces had been very difficult because of the presence of a large amount of uric acid. However, by using these five actinomycetes, treatment of poultry feces was performed properly with respect to pH, moisture content, and cell number of coliform bacteria, as in the treatment of swine feces (Fig. 3) . In addition, about 50% of the uric acid contained in poultry feces was decomposed during the treatment.
Maturity of treated swine feces was judged by (i) 40% reduction of the biochemical oxygen demand of the original organic matter, (ii) a carbon-to-nitrogen (C/N) ratio of about 10, and (iii) the smell of soil, or rather actinomycetes, in the treated feces.
Pot experiments. When the series of the plant cultures was fertilized with ammonium sulfate, the highest yield was obtained at a nitrogen content of 0.2 g per pot (Fig. 4) 102. surface, mycelia of these obligately aerobic actinomycetes could not penetrate into feces. Therefore, we tried a novel approach for allowing the mycelia to penetrate into feces on the basis of the principle of rice koji-making technique in sake brewing (7) . During the rice koji-making process, the temperature of steamed rice rises from 35 to 42°C and the moisture content is reduced from 35 to 25% in 40 to 45 h, and then the mold mycelia penetrates into the steamed rice. In a similar way, the dehydration rate of feces was controlled so as to be proportional to the mycelial growth rate. In the optimally moist and therefore aerobic microenvironment, mycelial growth occurred initially on the limited part of the feces surface and gradually developed on and into the feces with the gradual dehydration. The heterogeneous structure of feces as a solid mass should not be broken by excessive mechanical mixing to prevent destruction of the aerobic microenvironment.
In the pot experiment with Brassica rapa var. perviridis, the growth of plants fertilized with treated feces was better than that of plants fertilized with air-dried feces. Since organic nitrogen derived from mycelia in treated swine feces was gradually mineralized, supplementation with such large amounts of treated swine feces as 1.6 g of N per 600 g of soil per pot did not show any inhibitory effect on plant growth. On the contrary, in the case of plants fertilized with ammonium sulfate or rapeseed meal, the highest yields were obtained in the plants cultivated at the lower nitrogen contents of 0.2 or 0.8 g of N per pot, respectively. Addition of larger amounts of ammonium sulfate or rapeseed meal inhibited the growth of plants. These data suggested that large amounts of treated feces (C/N ratio, 10) could be used as an excellent actinomycete biofertilizer and soil-improving agent. The treatment of poultry feces with actinomycetes for biofertilizer will be described in later papers. 
